Based on the hypothesis that RHA functions as a CBPpol II-bridging factor, we investigated whether RHA can bind directly to purified pol II in vitro. Following incubation with purified calf thymus pol II, GST-RHA polypeptide resins were washed and evaluated by Western blot containing the CBP-binding domain of RHA-blocked peptide probe, we identified two CBP interacting the association of pol II with the C/H3 domain, revealing clones out of 3 ϫ 10 6 plaques. Both cDNA clones were the importance of full-length RHA for CBP-pol II complex found to encode RNA helicase A (RHA), a 140 kDa nuformation ( Figure 3 ). clear 3Ј-5Ј double-stranded DNA/RNA helicase (Lee and To determine whether CBP-RHA complexes are deHurwitz, 1993) . Of other helicase family members that tectable in vivo, we performed coimmunoprecipitation contain a consensus DEAH box motif, RHA is most studies on nuclear lysates from 293T cells. About 20% closely related to human nuclear DNA helicase II (90% of cellular CBP was recovered from immunoprecipitates identity; Zhang et al., 1995) and to Drosophila MLE (50% of RHA by Western blot assay with anti-CBP antiserum identity), a protein required for X chromosome dosage ( Figure 4 , top panel; compare lanes 3 and 4). A similar compensation in males (Kuroda et al., 1991) . RHA confraction of endogenous RHA was recovered from immutains three identifiable domains: an N-terminal basic renoprecipitates of CBP but not from preimmune serum gion, a centrally located catalytic core with consensus ( Figure 4 , middle panel; compare lanes 3 and 4), indicat-DEAH motif, and a C-terminal glycine-rich region with ing that RHA is indeed associated with CBP at significant canonical RGG motif that is capable of binding singlelevels in vivo. About 10%-20% of total pol II was destranded nucleic acids (Lee and Hurwitz, 1993). Using tected in immunoprecipitates of RHA (Figure 4 , bottom; a series of RHA polypeptides fused to glutathione compare lanes 3 and 4), suggesting that cellular RHA is indeed associated with both CBP and pol II. S-transferase (GST), we found that one fragment (RHA tors induced reporter activity 16-fold in PK-A-stimulated but not quiescent cells, demonstrating that these proteins function synergistically in response to cAMP stimuThe ability of RHA to associate with CBP and pol II in vivo prompted us to evaluate the importance of this hellation ( Figure 5 ). RHA and CBP had no effect on transactivation via a mutant GAL4-CREBM1 vector containing icase for transcriptional induction via CREB. In transient assays of 293T cells, PK-A induced CRE-CAT reporter a Ser-133/Ala-133 substitution at the PK-A phosphoacceptor site, however, revealing that target gene inducactivity 8-fold, and transfection of either full-length RHA or CBP constructs further enhanced CRE-CAT activity tion by RHA and CBP is indeed phospho(Ser-133)-dependent ( Figure 5 ). 2-fold ( Figure 5 ). Remarkably, cotransfection of RHA plus CBP expression vectors induced reporter activity To determine whether RHA may promote activation of cAMP-responsive genes in part via its helicase activ-20-fold in PK-A-stimulated cells, demonstrating the ability of these proteins to function cooperatively on ity, we constructed a mutant RHA cDNA, referred to as mtRHA, which contains a Lys-417 to Arg-417 substitucAMP-responsive promoters. By contrast, a truncated RHA polypeptide (N-RHA) containing only the CBP bindtion in the ATP-binding site of RHA. Although wild-type RHA and mutant mtRHA constructs were expressed at ing domain (aa 1-250) blocked PK-A induction of the CRE-CAT reporter about 3-fold, revealing the imporcomparable levels in transfected cells (data not shown), the mtRHA protein was less active than wild-type RHA tance of full-length RHA for transcriptional activation.
To assess the regulatory effects of RHA and CBP on ( Figure 5 ), supporting the notion that RHA helicase activity contributes to the activation of cAMP responsive CREB activity per se, we performed transfection assays with a GAL4 CREB expression vector containing the genes by phospho(Ser-133) CREB. GAL4 DNA-binding domain (aa 1-147) fused to the transactivation domain (aa 1-283) of CREB. GAL4-CREB Discussion activity, evaluated by cotransfection with a G5B CAT reporter containing five GAL4 recognition sites, was inLike other signaling pathways, cAMP has been shown to regulate gene expression in three distinct phases: creased 5-fold in response to PK-A induction ( Figure  5 ). Overexpression of CBP or RHA further potentiated burst, attenuation, and recovery (Montminy, 1997). The burst phase, during which peak levels of cellular gene GAL4-CREB activity 2-to 5-fold in PK-A-stimulated transcription are observed, occurs within 30 min of inis particularly attractive in view of the rapid reversibility duction by cAMP and is rate limited by nuclear entry of of the transcriptional response following cessation of PK-A catalytic subunit. About 40% of total CREB protein the cAMP stimulus (Montminy, 1997). is Ser-133 phosphorylated in response to a maximal RHA is highly homologous to Drosophila maleless stimulus, and submaximal signals induce proportion-(MLE), whose gene product is required for dosage comately lower levels of Ser-133 phosphorylation as well as pensation on the male X chromosome (Bone et al., 1994) . target gene expression.
Mle protein has been observed cytologically along the Over the next 4-6 hr, CREB phosphorylation and X chromosome as well as at a number of autosomal cAMP responsive gene transcription attenuate to near locations. And mle appears to colocalize with (Lys-16) basal levels, owing to the PP-1-mediated dephosphoryacetylated histone H4 in immunocytochemical experilation of CREB at Ser-133 (Hagiwara et al., 1992) . Rements, suggesting that a histone acetylase may associmarkably, addition of PP-1 antagonists such as okadaic ate with mle and activate appropriate genes (Bone et acid and Inhibitor-1 protein can reverse the attenuation al., 1994). In preliminary studies with Schneider SL2 phase and maintain peak levels of target gene exprescells, we have observed that mle associates with a 250 sion. The CBP-pol II recruitment mechanism we propose kDa CBP immunoreactive protein which contains hismay explain why the kinetics of target gene expression tone acetylase activity (T. N. and M. M., unpublished during the burst and attenuation phases are so intidata). It is tempting to speculate that, as with RHA, mately connected to Ser-133 phosphorylation: Ser-133 mle may induce target gene expression in part via its phosphorylation induces transcription via the recruitassociation with a Drosophila homolog of CBP. ment of CBP-pol II complexes, and the subsequent dephosphorylation of CREB would release CBP, thereby (1996) . Cooperation of STAT2 and P300/CBP in signaling induced by interferon-a. Nature 383, 343-347. with free biotin as recommended by the manufacturer. RHA antiserum was raised against baculovirus-expressed RHA protein. N-RHA Bone, J., Lavender, J., Richman, R., Palmer, M., Turner, B., and expression vector was constructed by inserting the RHA cDNA frag- Kuroda, M. (1994) . Acetylated histone H4 on the male X chromosome ment (aa 1-88) in-frame into the CS2ϩ expression vector (gift of H.
is associated with dosage compensation in Drosophila. Genes Dev. Weintraub) containing a nuclear localization sequence and myc tag.
8, 96-104.
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